Visceral leishmaniasis developed in eight owl monkeys (Aotus trivirgatus) after intravenous inoculation with a Khartoum strain (WR378) of Leishmania donovani. Six monkeys died within 93 days, and two monkeys recovered from the disease. Clinically, signs were weight loss, anemia, and hepatosplenomegaly. Hematologic findings included anemia, granulocytopenia, thrombocytopenia, and lymphocytosis. Analysis of serum or plasma revealed hyperbilirubinemia, azotemia, hyperglobulinemia, hypoalbuminemia, and altered hemostasis. All monkeys developed positive antibody titers to promastigotes of L. donovani and had increases in immunoglobulins M and subsequently G. Liver, spleen, bone marrow, and lymph nodes were the principal organs containing numerous parasitized macrophages. The owl monkey was highly susceptible to L. donovani infection and should be a useful animal model for the study of visceral leishmaniasis.
Visceral leishmaniasis is a major communicable disease in many tropical regions of the world. Several species of animals including rodents, dogs, and nonhuman primates have been used experimentally to study the disease. The hamster (Mesocricetus auratus) has been the most extensively used experimental rodent host for propagating Leishmania donovani. l 5 Canines, which are natural reservoir hosts, have also been a useful laboratory model.'' Nonhuman primates, mostly Asian species, have varying susceptibility to experimental infection with the p a r a~i t e .~J~, *~-~~ Recently, New World primates, such as owl monkeys (Aotus trivirgatus), squirrel monkeys (Saimiri sciureus), and marmosets (Callithrix jaccus jaccus),' 1~1 2 , 2 4 have been considered potential hosts for studying visceral leishmaniasis.
In a preliminary trial, two owl monkeys developed rapidly progressive severe disease with extensive visceral involvement, following the inoculation with L. donovani amastigotes. I ' This study was done to characterize clinical, laboratory, and morphologic findings of experimental visceral leishmaniasis in the owl monkey.
Materials and Methods
Ten adult owl monkeys (seven female, three male) of the Bolivian phenotypeZZ were skin test-negative for Mycobacteria and Knott's test-negative for microfilaria. The monkeys were housed in pairs in standard wire cages and fed a diet of 25% protein monkey pellets supplemented with fruit.
Eight of the ten monkeys were inoculated via the saphenous vein with 32.5 x lo6 amastigotes of a Khartoum strain (WR 378) of L. donovani from heavily infected hamster spleens using previously described techniques.15 Two monkeys designated as controls were inoculated with uninfected hamster spleen homogenate. A liver biopsy sample was taken by laparotomy during the first 2 weeks, and 4 to 5 weeks after inoculation for tissue imprints and histopathologic examination. Bone marrow biopsies were taken intermittently from the proximal femur. Weekly body weights, blood samples, and rectal temperatures were taken from monkeys immobilized with ketamine hydrochloride given intramuscularly (1 0 to 20 mg/kg).
Four ml of blood was collected from the femoral vein at weekly intervals from each infected monkey throughout the course of disease. Controls were bled intermittently after the first 9 weeks and at termination of the study. Blood collected in ethylenediaminetetraacetic acid was used as follows. The packed-cell volume was determined by microcapillary tube centrifugation, and total erythrocyte counts, leukocyte counts, and hemoglobin concentrations were determined with an electronic cell counter and hemoglobinometer (Coulter Electronics model ZBI, Hialeah, FL). Blood cell morphology and differential counts of blood and bone marrow cells were determined from Wright-Giemsa stained smears. Platelets were counted by the standard method with a phase contrast microscope and hemocytometer.
Bleeding times were measured using a commercial template method (General Diagnostics Inc., Moms Plains, NJ). Activated partial thromboplastin times and prothrombin times were determined using commercial methods and reagents (General Diagnostics Inc., Moms Plains, NJ) on plasma from citrated blood by using an automated coagulation timer (Coag-a-mate, General Diagnostics Inc., Morris Plains, NJ). The fibrin degradation product concentration was measured by a latex-particle agglutination test (Thrombo-Wellcotest, Wellcome Reagents Limited, Beckenham, England) on serum from blood mixed with soybean-trypsin inhibitor. Fibrinogen concentrations were assayed by the principle of inverse relationship to thrombin time. Total serum protein concentrations were obtained by the Lowry method.20 Albumin and globulin concentrations were quantitated by cellulose acetate electrophoresis. Relative concentrations of IgG and IgM were determined by a standard radial immunodiffusion techniquez3 using antisera to human immunoglobulins. Pooled sera from 16 normal owl monkeys was used for reference comparison.
Serum chemistries, including aspartate aminotransferase, alanine aminotransferase, lactate dehydrogenase, alkaline phosphatase, creatine kinase, creatinine, blood urea nitrogen, glucose, total bilirubin, uric acid, and calcium, were measured with a computer-directed analyzer. Sodium and potassium were determined with a flame photometer and chloride with an electrical potential chloridometer. Direct agglutination tests were done using trypsin treated promastigotes according to the method of Allain and Kagan.z Indirect fluorescent antibody titers were obtained by applying antihuman IgG fluorescein-labeled conjugate to promastigotes incubated with test monkey sera.33 For statistical analysis, the data were arranged as paired observations and tested using Wilcoxon's signed ranks test.4
If an animal became moribund, it was anesthetized, exsanguinated, and necropsied. Liver and spleen imprints and bone marrow smears were prepared and stained with Giemsa or Wright-Giemsa stain. The ratio of amastigotes to liver or spleen cell nuclei was used to estimate the number of parasites. At necropsy the organs were weighed, and the total number of amastigotes for these organs was determined.32 Tissues were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 5 wm, and stained with hematoxylin and eosin (HE). Selected replicate sections were stained with Wilder's reticulum, phosphotungstic acid hematoxylin, Gomori's stain for iron, and oil red 0.21 Liver samples obtained from monkeys that recovered from the infection and found negative for L. donovani by light microscopic examination were cultured using Schneider's Drosophila medium (GIBCO, Grand Island Biologic Company, Grand Island, NY).
Results
Six of the eight infected monkeys died as a result of the experimental Leishmania infection after losing from 25% to 53% of their body weight (Table 1 ). The two monkeys that survived lost 9% and 34% of their body weight, but regained normal weight by 4 months after inoculation. The weights of control monkeys remained unchanged throughout the experiment. Abdominal distention due to hepatosplenomegaly and serosanguinous ascites was seen in all infected monkeys, especially during the 3 to 6 week period after inoculation.
Amastigotes were detected microscopically in liver biopsy samples from all monkeys inoculated with L.
donovani. Generally, numbers of amastigotes observed per 1,000 liver cell nuclei were low (< 1 to 33/1,000) the first 12 days of infection and increased (50 to 333/ 1,000) as the course of infection progressed from 33 days after inoculation and reached maximal numbers at necropsy (up to 400/1,000).
There was no correlation between the weights of the spleen or liver and the total number of parasites calculated to be present in these organs at necropsy. The highest number of hepatic amastigotes (2.0 x lo9) was present in a normal sized liver (25 g) of a monkey that died at 67 days post-inoculation (Table 1 ). The highest number of splenic amastigotes (3.9 x lo8) was found in a moderately enlarged spleen (3.5 g) at 93 days. This monkey had the most protracted fatal course of infection.
The most pronounced hematologic finding was a rapidly progressive normochromic, normocytic anemia ( Fig. 1 ). Packed cell volumes decreased significantly (P < 0.001) from a preinfection mean of 39% to 18% by 8 weeks post-inoculation. Hemoglobin levels paralleled the packed cell volumes, decreasing from a PACKED CELL VOLUME mean of 13.4 g/dl at preinfection to 6.5 g/dl at 8 weeks after inoculation. Numerous metarubricytes appeared in the peripheral blood and some polychromatophilia was seen by 3 weeks post-inoculation. Reticulocyte counts increased from a normal of 4%5% to 10% 20% by 4 to 6 weeks post-inoculation. Some basophilic stippling of erythrocytes was seen late in the course of fatal infections. White blood cell counts dropped from mean totals of 13.3 thousand/pl before inoculation to 4.6 thousand/pl at 1 week post-inoculation (P < 0.001). Neutrophil, eosinophil, lymphocyte, and platelet counts all 12.
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declined sharply during this time. Neutrophils and eosinophils began to increase toward preinfection levels by 2 to 3 weeks after inoculation, but a variable and sometimes absolute granulocytopenia persisted throughout the infection and resolved only in the two monkeys that recovered, 15 weeks post-inoculation. In contrast, a marked lymphocytosis was seen after the first week of infection which remained until death or recovery. Platelet numbers decreased in all infected monkeys from an initial mean of 280 thousand/pl to 100 thousandpl or below by 2 weeks post-inoculation and remained below preinfection levels throughout the course of the disease.
Baseline normal bleeding times were determined to be 2.5 to 5 min by preinfection testing of the ten monkeys in this experiment and of 20 other normal owl monkeys. Bleeding times were increased by > 5 min in all infected monkeys at 1 to 2 weeks post-inoculation, corresponding with the initial thrombocytopenia. By 3 weeks post-inoculation, bleeding times ranged from 7 to 15 min and at 8 weeks were further prolonged, ranging from 13 to 15 min.
Prothrombin times and activated partial thromboplastin times for the four monkeys tested were increased above controls throughout the infection ( 2). Fibrin degradation products increased (10 pg/ml) on the last day of analysis before death in all four monkeys tested. Plasma fibrinogen levels decreased from a preinoculation mean of 140 mg/dl to 9 1 mg/dl by 8 weeks post-inoculation. All infected monkeys developed titers considered positive using direct agglutination (1 : 32) and indirect fluorescent antibody (1 : 16) tests by 5 weeks post-inoculation (Fig. 3) . The titers increased to 1 : 256 or greater by 8 weeks. Titers using both direct agglutination and indirect fluorescent antibody tests were similar with only occasional differences of one dilution. Control and preinfection serum samples were all negative.
Total serum proteins and globulins increased and albumin decreased as the infection progressed (Fig. 4) . Albumin decreased from a preinoculation mean of 3.6 g/dl to 2.05 g/dl by 12 weeks after inoculation; gamma globulins increased from an initial 1.02 g/dl to 3.05 g/dl at 12 weeks post-inoculation. The gamma globulins remained elevated and increased to greater than 4 g/dl in the two surviving monkeys at 20 weeks postinoculation. Analysis of specific immunoglobulins (Fig.  5 ) revealed an early rise in IgM which peaked at the sixth week of infection, then declined in relation to IgG which increased markedly beginning at 10 weeks, accounting for the hyperglobulinemia.
Alterations in serum chemistries of infected monkeys included increases in blood urea nitrogen, creatinine, and total bilirubin. The blood urea nitrogen increased significantly (P < 0.00 1) from a preinoculation mean of 10 mg/dl (5-19) to 28 mg/dl (20-37) by 7 weeks post-inoculation and increased krther at 9 weeks post-inoculation to 39 mg/dl (1 5-88). In monkeys that died of the infection, the blood urea nitrogen was highest in samples taken immediately prior to necropsy. The mean creatinine in preinoculated and control monkeys was 0.59 mg/dl. Creatinine was increased above 2 mg/dl in all monkeys that died of the infection except monkey number 1, which died at 19 days postinoculation. In the two monkeys that survived the infection, the maximum creatinine was 1.3 mg/dl at 7 weeks. Bilirubin increased in all infected monkeys at 6 weeks post-inoculation from a normal 0.8 mg/dl, to a maximum mean of 3.3 mg/dl (1.7-7.9).
At necropsy, the mesenteric and pancreatic lymph nodes were enlarged 2 to 4 fold, and measured up to 1 cm in length. Average spleen weights of the six monkeys necropsied with terminal leishmaniasis (3.0 g) were increased above those of the controls (0.95 g). Liver weights were variable. Changes in organ weights were proportional to orgadbody weight ratios (Table  1) . Peritoneal cavities contained a slight to moderate amount (5-30 ml) of serous to serosanguinous fluid. Bone marrow was dark-red and filled the femoral shafts.
Biopsies taken from liver during the first 2 weeks post-inoculation revealed diffuse fatty change in hepatocytes. Parasitized macrophages were seen as early as 5 days post-inoculation. Aggregates of these amastigote-containing macrophages were scattered through-out the liver, especially in portal zones. A few lymphocytes and plasma cells were also present in portal zones. Hepatocytes and Kupffer's cells contained increasing amounts of hemosiderin as the disease progressed.
Histologic changes in the spleen were characterized by expansion of the red pulp with macrophages that contained variable numbers of amastigotes. The spleen of the monkey that died at 19 days contained a few parasitized macrophages whereas the splenic red pulp of the monkeys that died at 67 days post-inoculation contained many (Fig. 6) . Plasma cells and lymphocytes were interspersed between clusters of macrophages. The increased size of splenic lymphoid follicles in all infected monkeys was primarily due to hyperplasia of cells in germinal centers. T cell dependent areas, including follicular mantles and penarteriolar sheaths, were not proportionally increased and appeared to have decreased populations of mature lymphocytes.
In lymph nodes, the first amastigotes were found in the rnesenterics 67 days post-inoculation. The amastigote-containing macrophages were initially most numerous in parafollicular cortical zones and were concentrated in medullary cords (Fig. 7) later in the course of infection. Germinal centers were hyperplastic. Lymphoplasmacytic infiltrates were associated with increased numbers of parasitized macrophages. Medullary sinuses of lymph nodes and sinusoidal spaces of the liver and spleen commonly contained phagocytized red cells.
Changes in cell populations were minimal in bone marrow aspiration smears during the first 2 weeks postinoculation. The myeloid/erythroid ratio was 1 : 1; most ofthe cells (80%) were mature (postmitotic) types. Only a few amastigotes were present in bone marrow smears at 5 days post-inoculation, but increasing numbers were seen during the first 8 weeks of infection. In a representative bone marrow sample taken at 54 days after infection, the amastigotes were seen within macrophages and scattered loosely between cells (Fig. 8) . Myeloid/erythroid ratios decreased to between 0.5 and 0.3, and the proportion of immature myeloid and erythroid cells were increased. The bone marrow of all monkeys that died of the infection 54 days post-inoculation or later was densely cellular and contained interlacing sheets of large, heavily parasitized macrophages. The bone marrow of monkey 1, which died 19 days post-inoculation, had only a few parasitized macrophages per high power field.
Non-lymphopoietic organs including lung parenchyma, renal interstitium, renal mesangium, and lamina propria of the colon (Fig. 9 ) contained fewer parasitized macrophages than did lymphopoietic organs. No amastigotes were found in the brain, myocardium, skeletal muscle, or skin on light microscopic examination of these organs.
Discussion
These findings indicate that the owl monkey is a highly susceptible host for experimental infection with L. donovani. The resulting disease, although induced by the inoculation of amastigotes, had clinical, laboratory, and morphologic findings very similar to those seen in natural infections in humans after exposure to promastigotes by sandflies.
The disease in the owl monkeys developed rapidly, resulted in severe morbidity, and was fatal in six of the eight infected. The course of the fatal disease in humans is characteristically protracted and lasts months to years.8 Intercurrent bacterial infections are common complications in humans,2s but were not seen in these owl monkeys. The clinical features of visceral leishmaniasis in man include intermittent fever, progressive emaciation, hepatomegaly, lymphadenopathy, marked splenomegaly, and anemia.26 Fever was not detected in any of the owl monkeys during the course of the infection. The infected monkeys became emaciated, loosing from 9 to 53% of their body weight. Loss of weight with the disease in humans has been attributed to impaired intestinal function,l response to the parasitic invasion,2s or competition for essential nutrients with the parasite.17 Although signs of impaired intestinal function were not seen in the owl monkeys, weight loss could be related to the parasitic invasion of multiple organ systems with the resulting anemia and inflammation. Hepatomegaly was variable in the owl monkeys, whereas the spleen and mesenteric lymph nodes were enlarged consistently.
As in h~m a n s ,~~.~~.~~ the major hematologic finding in owl monkeys with visceral leishmaniasis was a hemolytic anemia. The severe anemia was associated with increased serum bilirubin, erythrophagocytosis, hemosiderosis, and tissue iron deposition. The precise cause of the hemolytic anemia is complex and probably multifactorial. Reports have implicated hemolysis associated with hyper~plenism,~ and ineffective erythropoiesis with increased medullary destruction. I 6 Others report that infection with L. donovani initiates an immune process in which complement is activated and results in red blood cell lysis and erythrophagocyt~sis.~~ Panleukopenia occurred early in the disease in owl monkeys, thus paralleling the anemic crisis. As in humans, severe granulocytopenia was a feature of the disease.lS The granulocytopenia is probably due to multiple factors including increased turnover, destruction associated with splenic sequestration, decreased bone marrow reserves, and a reduction in the circulating pool due to margination. I6 Although neutrophils have been reported to be effective in the in vitro killing of amastigotes,'O no morphologic evidence of neutro-phi1 association with parasitized macrophages was seen in this study.
In owl monkeys, circulating lymphocytes markedly increased after the first week of infection. In humans, lymphocytes are relatively increased or normal,2s and increased proportions of B cells have been rep~rted.~' The finding of hyperplastic germinal centers in the owl monkeys suggests B cell proliferation. The lymphocytosis may also result from a T cell response to antigenic stimulation. I4 Early in the course of visceral leishmaniasis in man, tests of clotting are normal, but later the prothrombin, partial thromboplastin, bleeding, and clotting times are prolonged.8 These changes were also found in the monkeys in addition to thrombocytopenia, hypofibrinogenemia, and increased fibrin degradation products. This hemostatic profile is consistent with disseminated intravascular coagulation which has been associated with fatal leishmaniasis in h u m a n~.~J~ The thrombocytopenia may be the result of ineffective production, splenic pooling, or increased peripheral consumption.16,2s A deficiency of coagulation factors may also contribute to hemostatic defects associated with visceral leishmaniasis in man.6
Characteristic bone marrow findings of visceral leishmaniasis were similar in man and owl monkeys and include hypercellular marrow, granulocyte cell decrease, a reduction in total numbers of megakaryocytes, and a decreased myeloid/erythroid ratio.9 Much of the hypercellularity in the bone marrow is the result of proliferation of macrophages, varying numbers of which are parasitized. Granulocyte cell decrease possibly results from maturation arrest since diminution in mature neutrophils appears to be one of the first changes to take place in the bone r n a r r~w .~ Serologic changes in human visceral leishmaniasis include increased total serum protein with hypergammaglobulinemia and hypoalbuminemia.26 Titers of 1 : 64 to 1 : 128 using specific antibody and indirect fluorescent tests have been reported.s The infected owl monkeys in this study had serum changes similar to those reported in humans. Total serum proteins increased and indirect fluorescent antibody titers ranged from 1 : 16 to 1 : 256. The results of assays for immunoglobulins M and G during the course of infection in the monkeys demonstrates a classical response to infection with IgM produced early, and followed by a later increase in IgG. The significance of antileish-mania1 antibodies in acquired immunity against visceral leishmaniasis in the owl monkey, as in humans, is not clearly understood.
The principal serum chemistry alterations in the owl monkeys were hyperbilirubinemia and azotemia. Hyperbilirubinemia was found concurrently with anemia and was interpreted to be the consequence of a hemolytic process since cholestatic liver disease was not present. The highest blood urea nitrogen and creatinine levels were found when the monkeys were moribund. Prerenal disease processes were probably responsible since severe kidney lesions were not present.
As in humans, the spleen, bone marrow, lymph nodes, and liver were the main organs in owl monkeys affected by infection with L. donovani. Histologic findings in owl monkeys were essentially the same as seen in the human disease. Splenic changes in humans may include atrophy of the white pulp and decreased lymphocytes in thymic dependent areas.34 In owl monkeys, T cell-dependent areas appeared decreased, but germinal centers of splenic follicles were increased rather than atrophied. Follicles in lymph nodes were also increased in size due to hyperplastic germinal centers. These findings may be related to the lymphocytosis and numerous plasma cells seen in the infected monkeys.
Since the experimental disease in the owl monkey has many features in common with natural disease in humans, it is a useful primate model for studying visceral leishmaniasis. 
